We have isolated clones containing the entire mouse proliferating cell nuclear antigen (PCNA) gene of 3890 bp and flanking sequences using a rat PCNA cDNA as a probe. The mouse gene has 6 exons whose sequences and junction points of exons with introns are extensively homologous to the human gene while sizes and nucleotlde sequences of introns are much less conserved than exons. By a transient expression assay of chloramphenicol acetyltransferase, the promoter of this gene is localized within 200 bp upstream of the transcription initiation site. We have also isolated two processed pseudogenes. Homology between the first one (i/PCNA-l) and the exons of the PCNA gene was 76.8% in the region so far sequenced. The second one (i^PCNA-ll) consists of a region highly homologous to the entire exons of the PCNA gene, and only 9 out of total 1256 bp are different from the corresponding exon sequence of the gene. The 5'-flanklng region of the ^PCNA-II did not function as an active promoter. Surveys in various wild and laboratory mice genomes suggest that the i^PCNA-ll was generated through the reverse transcription process of the PCNA mRNA about 5 x 10 5 years ago in the domesticus subspecies of Mus musculus, the house mouse. The ^PCNA-II Is tentatively mapped in the chromosome 17 of the C57BL mouse.
INTRODUCTION
The proliferating cell nuclear antigen (PCNA) (1), also called cyclin (2, 3) , is now known to be an auxiliary protein of DNA polymerase 6 (4, 5) , and necessary for DNA replication (6, 7, 8) . Amino acid sequence of this protein is highly conserved not only in animals (9) but also in plants (10) . The synthesis of the PCNA correlates with cell proliferation (4, 11, 12, 13) and can be induced by growth signals such as serum stimulation (14) , epidermal growth factor (15) , interleukin 2(10) and the product of adenovirus E1A gene (17) . Thus, it is of interest to clarify the molecular mechanism regulated by the growth signals. The human gene for PCNA was isolated and it has been demonstrated that a sequence responsible for the repression of the gene in quiescent cells is located in the 4th intron (14, 18) .
We have isolated the Drosophila melanogaster PCNA gene and found in the 5'-flanking region of this gene the presence of sequences to which homeodomain proteins, known as transcriptional regulatory proteins for morphogenesis, bound specifically (9) . Furthermore, we found that one of homeodomain proteins, the product of zerhulllt gene may repress the expression of PCNA gene (our unpublished data). This finding suggests that the Drosophila PCNA gene, and possibly genes for other enzymes involved in DNA replication are regulated by differentiation signals as well as by growth signal. Therefore, we are interested in knowing whether the mammalian PCNA gene is also regulated by the differentiation signals.
The present work was undertaken to clarify the regulatory mechanism of the mouse PCNA gene expression. We isolated the gene for PCNA and analyzed its structure in comparison with the reported human gene (18) and the rat cDNA (19) . We found several sequences which may be involved in transcriptional regulation. We also isolated two interesting pseudogenes for PCNA. The origins of these pseudogenes in mouse species will be discussed.
MATERIALS AND METHODS

Isolation of the mouse gene and pseudogenes for PCNA
Rat cDNA for PCNA (pCR-1) which was isolated previously (19) , was used as a probe to screen the mouse genomic library. The mouse chromosomal DNA library was kindly gifted from Dr. Y. Nishida (Aichi Cancer Center). It was constructed by inserting partially HaelH-digested DNA from spleens of C57BL mice into the vector Charon 4A. About 1.1 X10 6 recombinants were screened, and nine positive clones were obtained. Their restriction maps and nucleotide sequences were determined. We
• To whom correspondence should be addressed compared these results with the results of genomic Southern hybridizations, nucleotide sequences of rat cDNA (19) , and that of the human PCNA gene (18) , and finally identified the gene and two pseudogenes for PCNA.
DNA sequence analysis
In order to determine the nucleotide sequence of the gene, the 4.3 kb Xbal/EcoRI fragment of the Charon 4A recombinant, and 3 kb Hindm/Hindlll fragment of the recombinant were independently subcloned into the plasmid pUC19. The former contains exons I to IV and 1.5 kb 5'-upstream region, and the latter contains exons V and VI, and 3'-flanking region. These two subcloned fragments share a common HindDI/EcoRI frgment which is located in the intron IV.
The 7.2 kb EcoRI/EcoRI fragment containing the pseudogene-I (^PCNA-I) was excised from the Charon 4A clone and subcloned into pUC19. The 3.6 kb EcoRI/EcoRI fragment containing the pseudogene-II in the Charon 4A clone was subcloned into the pUC19. Unidirectional deletion derivatives of each subcloned fragment were constructed as described previously (20) , and the nucleotide sequence of each obtained clone was determined by dideoxy-sequencing method using synthetic primers (21, 22) .
Southern and Northern (RNA) analysis
Chromosomal DNA was isolated from various wild and laboratory mice by a standard method (23) . DNA from various laboratory mice were kindly gifted from Dr. H. Dceda (Aichi Cancer Center). Five microgram of DNAs were digested by the restriction enzyme EcoRI, separated by 1.2% agarose gel electrophoresis and blotted onto a Gene Screen Plus membrane as described previously (23) .
Total RNA which was extracted from various tissues of BALB/c-Fv-4 r (24) by guanidinium thiocyanate-CsCl method, was fractionated by formaldehyde-containing agarose gel electrophoresis and then, blotted onto a membrane by a standard method (23) . This RNA blot was also supplied from Dr. H. Ikeda. RNA was also isolated from mouse cells of cultured cell lines. Differentiations of the mouse neuroblastoma cell line N18TG2 and the rat glioma cell line C6Bu-l were induced as described previously (25) . Probes used are fragments of pCR-1; i.e. PstI to Ncol fragment containing 5'-terminal of the cDNA was used for Southern hybridization, and PstI to PstI fragment containing almost whole sequence of the cDNA was used for Northern hybridization. In Northern hybridization the rat DNA polymerase /S cDNA fragment 10SL (26) was also used as a control probe. All probes were 32 P-labeled by a random priming method (27) .
DNA transfection and chloramphenkol acetyltransferase assay DNA fragments containing the 5'-upstream regions of the mouse PCNA gene (-961 to +47) and the pseudogene-II (about -350 to +8, numbers correponding to that of the PCNA gene) were isolated and inserted in the adjacent upstream site of the CAT gene of pOLCAT (28) in both normal and reversed orientations (marked by R) to create the plasmids p5'-962mPCNACAT, p5'-962RmPCNACAT, p5'-350i/-IICAT and p5'-350Ri/<IICAT. A set of 5'-end unidirectional deletion derivatives of the plasmid p5'-762mPCNACAT was constructed as described previously (20) . Deletion break points of these derivatives were determined by nucleotide sequencing. Plasmid DNA was transfected into HeLa S3 cells by a DEAE-dextran method followed by chloroquine treatment (29) . Cell extracts were prepared at 48 h after transfection and used for the CAT assay as described (30) .
RESULTS
Cloning and sequence analysis of the mouse gene for PCNA
We have obtained several positive clones from a genomic library constructed from C57BL mouse DNA using 5' or 3' portion of the rat cDNA for PCNA as a probe. Comparing their restriction maps and nucleotide sequences to each other or with those of the rat cDNA (19) and the human gene (18) for PCNA, we finally identified one gene and two pseudogenes.
The physical map of the mouse gene was shown in Fig. 1 (top) , and the entire nucleotide sequence of the gene and its flanking sequences were in Fig. 2 . Nucleotide number +1 denotes the transcriptional initiation site. The initial codon starts at +145 and the translational termination codon was located at +3557. The polyadenylation signal 5'-AATAAA's were at +3672 and + 3865, of which the latter is thought to be mainly used, judging from a sequence comparison with the rat cDNA (19) .
Comparisons of the nucleotide sequence of the mouse PCNA gene with those of the rat cDNA and the human gene permitted us to identify easily the exons and introns of this gene, since the nucleotide sequence of exons is highly conserved among mammalian PCNA genes. Sizes of exons are 365 bp (exon I), 98 bp (exon II), 68 bp (exon IH), 195 bp (exon IV), 124 bp (exon V) and 411 bp (exon VI). Nucleotide numbers of exons n, m, IV and V are completely identical to corresponding exons of the human gene (18) . Furthermore nucleotide numbers of amino acidcoding regions in exon I and VI are also identical to those of the human gene. Sizes and nucleotide sequences of introns, however, are less conserved than exons between mouse and human genesHomology of deduced amino acid sequences of PCNA from various sources are represented in Fig. 3 .
Mapping of the PCNA gene promoter
The transcription initiation site was determined by a primer extension method. Single site was identified (data not shown) and numbered +1. Nucleotide positions in upstream sequence are expressed with negative numbers. The expected size of the PCNA mRNA is 1261 nucleotides plus poly(A) stretch, which is almost the same as the size detected by a Northern hybridization (see Fig. 6 ). 570  AGCCACAAAG  630  TGCAGCTTTG  690  CGACTTAGAG  750  TTGAGGGGAA  810  TCCTGTATAC  870  GCCACTTGTA  930  CAGTACACTA  990  TAGTGCAITT  1050  TGAGAGAGTT  1110  GTACAACTIG   1170   460  GGCCATCCGC  520  GTTCCGAAAA  580  CGGGAGTCCG  640  AGTGGCTGGT  700  TGACAATAGA  760  ATCTGTCAGT  820  GTGTTCAAGG  880  IACATTTTGA  940  GAAACCAAGG  1000  TACTAAGICG  1060  TGGGGTACCC  1120  TAATTGCTTT   1180   470  GCTTTCTGAT  530  GCCCGCGCIG  590  CGCGAAAATG  650  CTTAGCGCCT  710  CCTTTTCTTG  770  TTTAGCTTTT  830  ACAGTGTGTG  890  AAGATTTACG  950  ACACCCCGCI  1010  GTTTTAAGAA  1070  TTAGCCCCTT  1130   TTAAAATAIA   GATGTGGATI ACATGTTGAT AAAGCCTGTC TTTTTTTTTT TGGGCGGTAG   1190  CATGTCCAAA   1200  1210  1220  1230  1240  1250  ATTCTAAAAT GTGCTGGTAA TGAAGACATC ATTACAITAA GGGCTGAAGA TAATGCAGAC   1260  1270  1  ftCCTTAGCAC TAGTATTCGA AGCACC   0  1290  1300  1310  AAGTTAAACA CCTTTAAAAC TCGGAGIIAC   1320  1330  1340  1350  1360  1370  GTGTTGTTTC TGTTTCTCAA AACCAAAAAA AATATTAACA ATATTGTAAA TTCCATCATA   1380  1390  1400  1410  fi20  1430  GATAGGACCG TGTGGTGTGC TTGGTAACAT TTTCCTTCTT TTGGTAC UC AAGAGA   I  1440  1450  1460  1470  1480  ITTCAGACTAT GAAATGAAGT TAATGCACTT ACATGTGGAG CAACTTGGAA TCCCA   1500  1510  1520  TTACCTTGTT TCTGATTGTG TCTTACCCTG  1560  1570  1580  GGAGTGGTGG TATTGGGGAT GAATGGCACA  1620  1630  1640  .AGTTGATTGA GTTTTAAAGA AACCAGAAGT  1680  1690  WOO  AATCTTGAGA ACATGAAGCT GAGCCTTCCC   1530  1540  CTGTGATACC AGCTGATGCG  1590  1600  CTGCCATTTC ACTAAACCAC  1650  1660  CTTGCATTCT GAGTTCTGGT  1710  1720  CCTTTTCTAG ACTGACCTTT   1550  TGTTCTGAGT  1610  AGCAGTCTAA  1670  TAAGATGCTA  1730  AACTTGTGGG   W40  1750  1760  1770  1780  1790   TTTACAC ;AA CAGGAGTACA GCIGTGTAAI AAAGATGCCG TCGGGTGAAT TTGCACGTAT   BOO  1810  1820  1830  1840  1850  UGCCCAGAC CITAGCCACA TTGGAGATGC TGTTGTGATA TCCTGTGCAA AfiAATGGGGT   1860  1870  1880  1890  1900  1910  IAAGTTTTCT GCAAGTGGAG AGCTTGGCAA TGGGAACATT AACTTGTCAC AAACAAGTAA   1920  1930  1940  1950  1960 The promoter activity was examined by a transient CATexpression assay in which the DNA region of -961 to +47 of the PCNA gene was combined with CAT gene and transfected into human HeLa cells. As shown in Fig. 4 , lanes e, f, i and j, considerably strong promoter activity was detected by transfection with a plasmid carrying the normal-oriented PCNA gene sequence. Furthermore, the result of CAT assay using plasmids with deletions from 5'-end indicates that the region necessary for promoter activity is located within 200 bp upstream of the CAP-site position (Fig. 5) . Sequences similar to those reported in various promoter and enhancer were found in and around the PCNA gene promoter (Table 1) .
Steady state mRNA levels in various mouse cells and tissues
RNA blots were hybridized with 32 P-labeled PCNA cDNA probe (Fig. 6) . A single band of about 1500 nucleotides was detected in each lane. Most abundant mRNA was detected in thymus and testis among tissues, which were followed by spleen and brain. These tissues except for brain are konwn to contain mitotic cells. On the other hand, the mRNA contents were low in tissues consisting of mainly non-proliferating cells such as heart, pancreas and liver. It is important to point out that the mRNA level was lower in mouse neuroblastoma N18TG2 cells and glioma C6Bu-l cells after treated to induce their differentiations (25) than these cells without treatment. These cells are known to cease proliferation upon the onset of differentiation. Thus, the corelation of PCNA expression and cell proliferation was confirmed at mRNA level (Fig. 6 ). In contrast, the level of DNA polymerase fi mRNA did not correlate with cell proliferation as reported previously (25, 31) .
Cloning and sequence analysis of pseudogenes for PCNA
We isolated two pseudogenes in addition to the true PCNA gene. Partial nucleotide sequence of the first one (i/'PCNA-I) was compared with that of PCNA gene (Fig. 7) . i/'PCNA-I contains a region which is homologous to the region of the exons I to IV of the PCNA gene or the corresponding region of the rat cDNA, although the homology is not so high, and it lacks the sequences corresponding to introns of the PCNA genes. The region with significant homology with the PCNA gene started at around 30th nucleotide position from the cap-site of the PCNA gene to at least midway of the exon IV. The nucleotide sequence in the further downstream region has not been determined. The base of the first nucleotide corresponding to the initiation codon ATG is G instead of A, and a termination codon TAA is present 21 bp downstream in the same coding frame (the corresponding sequence in the PCNA gene is CAG). Therefore, we conclude that this is a non-functional processed pseudogene (32) , which may be generated by reverse transcription of the PCNA mRNA in ancient time.
The entire nucleotide sequence of the second pseudogene (^PCNA-II) was represented in Fig. 8 . The sequence which started with the site coresponding to 4th nucleotide of the first exon of the PCNA gene and terminated by short stretch of poly(A) is extensively homologous to the PCNA gene after removing its introns. Thus, this is also a processed pseudogene. In contrast to the i/-PCNA-I, nucleotide sequence of the i/-PCNA-II is highly homologous to that of the PCNA gene: Out of 1256 bp only 9 bp of the ^PCNA-II are different from the exons of the PCNA gene. The deduced coding frame contains only two amino acid substitutions from the PCNA gene. It should be pointed out that this i/'PCNA-H is flanked at the both ends by directly repeated 15 bp-sequence, which is not present in the PCNA gene. Any similarity was not detected in the nucleotide sequence of upstream regions between the i/'PCNA-II and the PCNA gene. As shown in Fig. 4 lanes a to d, the upstream region of the ^PCNA-II did not show any promoter activity in Kc cells, and therefore, this pseudogene is likely to be non-functional.
Detection of the gene and pseudogenes in genomes of wild and laboratory mice
Results of Southern hybridizations with DNA from wild mice and laboratory mice are shown in Fig. 9 A and B , respectively. When DNA from C57BL mouse was digested by EcoRI and probed by the 5'-terminal region of the rat PCNA cDNA, positive bands for PCNA gene, ^PCNA-I and ^PCNA-II were observed at 13 kb, 7.2 kb and 3.6 kb, respectively (see Fig. 1 ), which are conceivable from the sizes of the inserts in Charon 4A clones containing these sequences (see Materials and Methods section). Although the 7.2 kb band was faint, this band and 13 kb band was detected in virtually all DNA samples. In some cases such as Mus musculus castaneus Taiwan and SJL/J, the sizes of the largest bands were different from others, which might be caused by base change in EcoRI sites in or around the PCNA gene.
On the other hand, the 3.6 kb band containing i^PCNA-II sequence was detected only in 3 subspecies of wild mice ( 9A) while this band was detected in majority of laboratory mice (Fig. 9B, left) . The 3.6 kb band was not detected in other Mus musculus subspecies. Results suggest that the i/'PCNA-H was generated from PCNA cDNA about 5 X10 5 years ago in a group of Mus musculus species, probably domesticus subspecies, and from which majority of laboratory mice were established.
Strain distribution pattern of the 3.6 kb band in seven CXB recombinant inbred strains is 'C B B C B B B' (C, BALB/cBy type; B, C57BL/6By type) as seen in Fig. 9B right, which suggests putative linkage of the ^PCNA-H gene with H-2 and Upg-1 on No. 17 chromosome, though further mating experiments are necessary to confirm it.
DISCUSSION
The expression of the PCNA gene, like other genes for enzymes involved in DNA replication such as DNA polymerase a, is regulated by various growth signals (15) (16) (17) . It is important to identify a cis-acting element(s) that functions as a target of growth signals. As an initial step toward this purpose, we have isolated the mouse PCNA gene and determined the region that functions as an active promoter. A transient CAT-expression assay using 5'-end deletion mutants revealed that the promoter activity of the PCNA gene resides within the 200 bp region upstream from the Cap-site. A nucleotide sequence analysis has revealed the absence of a TATA box or a CAAT box in this promoter region. Instead of them, there are two repeats of 5'-GGGCGG sequence starting at the positions of -116 and -203 from the Cap-site. Thus, Spl-like mouse transcription factor might be involved in the regulation of the PCNA gene expression. It should also be noted that the existence of the so-called octamer-like sequence at the position of -132. This octamer motif was also found in the promoter region of the human PCNA gene (18) . The transcription factor called Oct, OTF or OBP which contains a homeodomain (POU domain) has been reported to bind to this motif (34). This fact suggests that the mammalian PCNA gene is also regulated by the homeodomain proteins like the case of the Drosophila melanogaster PCNA gene (9) .
The human PCNA gene has extensive nucleotide sequence similarities among introns and between introns and exons, although biological meanings of these similarities are not clear yet (18) . We did not find any significant sequence similarities among introns or between introns and exons of the mouse PCNA gene. Thus, the sequence similarities observed with introns of the human PCNA gene is not the case in the mouse PCNA gene.
Recently, Ottavio et al. reported that the fourth intron of the human PCNA gene is necessary for the correct regulation of PCNA levels in GO cells, and removal of this intron leads to an abnormally high level of PCNA mRNA in serum deprived 3T3 cells (14) . Since the organization of exons and introns of the mouse PCNA gene is similar to that of the human gene, it would be important to examine the role of the introns in the regulation of mouse PCNA gene expression.
We found two pseudogenes whose nucleotide sequences are similar to that of the PCNA gene. Although the exact position in the ^PCNA-I where the homology to the exon I sequence of the PCNA gene starts, is unclear, this pseudogene has significant similarity with exons of PCNA gene from the first exon through at least the 4th exon of the PCNA gene. When the sequences of i/<PCNA-1 and exons of the PCNA gene were aligned as to form maximum match, the sequence homology was about 76.8%. We calculated that the i/'PCNA-I was generated about 2 X10 7 years ago from the base substitution rate in non-functional nucleoride sequences as 12.6 x 10~9 per bp per year (33) . It has been suggested that the phylogenical segregation of rat and mouse occured about 10 7 years ago. The mouse species was established some 10 6 years ago, and since then the radiation into various subspecies of mouse species started. Therefore, the sequence corresponding to the ^PCNA-I might present in genomes of various mammalians in addition to all of mice subspecies. Recently, Ku et al. (35) reported the presence in the human genome of a processed pseudogene which shows a 78% similarity with the human PCNA cDNA. This human pseudogene is very similar to the mouse ^PCNA-I found in the present work.
On the other hand the nucleotide sequence of the V'PCNA-II is highly homologous to the exons of the PCNA gene. The amino acid sequence deduced from the nucleotide sequence of the 1/-PCNA-Q is identical to that of the PCNA except substitutions at two residues. The base substitution rate in the homologous regions of the V'PCNA-H and the PCNA gene exons was only 0.72% (9/1256). We calculated that this pseudogene was generated about 5 X10 5 years ago, which is much later than the time of establishment of mouse species. Survey of the i/'PCNA-II in genomes of various wild mice indicates that this pseudogene is present in the subspecies, Mus musculus domesticus in Europe, and absent in other mouse subspecies. One exception so far detected is Mus musculus castaneus-Bandung (Indonesia), whose genome contains the i/'PCNA-H sequence. However, it seems possible that this mouse is a descendant of Asian mice which had a chance of mating after the establishment of the trade between Europe and Asia in 15th century. Majority of laboratory mice are thought to be established from the Europian Mus musculus domesticus subspecies (36, 37) . The evidence of the presence of the i/'PCNA-H in most of laboratory mice supports this possibility. However, since some of laboratory mice such as BALB/c and C3H lack this pseudogene, it seems possible that the ancesters of these mice, at least in part, were wild mice other than Europian Mus musculus domesticus as already suggested from the results of the restriction fragment length polymorphism analysis in the Y-chromosome specific DNA (38) . In any way, I/'PCNA-II will be a useful marker for the phylogenical identification of mice.
